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(54) Strain gauges 


(57) A microbend fibre optic strain gauge comprises a pair of plates 12, 14 having facing offset 
corrugations 16, 18 which clamp a signal optical fibre 10 therebetween. The optical fibre 10 is coated and 
a light signal is supplied to one end of the frbre and read at an opposite end of the fibre by an optical 
sensor. Modulations in the light are primarily due to a difference in pressure being applied to the fibre 10 
by the plates 12, 14. The gauge may include a reference optical fibre (1 1 — Fig. 2) which is near the signal 
optical fibre 10 and is subjected to the same thermal condition, a light signal thereof being compared to 
the light signal from the signal optical fibre to offset any temperature error introduced into the signal by 
changes in temperature. Aluminium, polyimide or gold coating increases the temperature resistance of the 
fibres. 
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SPECIFICATION 
Strain gauges 

- 

5 This invention relates to strain gauges. 

Strain gauges have been developed to mea- 
sure structural loads to verify proper design of 
both individual components and an overall 
structure. Strain gauges now include foil, thin 

10 film, or wire resistance devices which are 
bonded or welded to the test piece to be 
measured. Loads applied to the test piece can 
cause it and the bonded gauge to extend, 
compress, or twist. The resulting strains in- 

15 duced in the gauge change its resistance. If 
the gauge resistor or resistance forms one leg 
of a Wheatstone bridge, the bridge will be- 
come unbalanced and a voltage will be devel- 
oped in proportion to the amount of strain 

20 induced in the gauge. This approach is the 
basis of most strain gauge measurements per- 
formed today. 

Difficulties are encountered when strain 
measurements are to be made at elevated 

25 temperatures. For example, differential expan- 
sion between the gauge and test piece in- 
duces strain in the gauge, using up a substan- 
tial portion of its range and masking the load- 
induced strain to be measured. Furthermore, 

30 for accurate and reliable measurement, resis- 
tance strain gauges are generally limited to 
temperatures below about 315°C (about 
600°F). Above this temperature, physical and 
metallurgical effects such as alloy segregation, 

35 phase changes, selective oxidation and diffu- 
sion result in large non-repeatable and unpre- 
dictable changes in the gauge output, and of- 
ten in premature failure of the gauge or 
lead wire system. 

40 Currently, no satisfactory method exists to 
perform accurate and reliable strain measure- 
ments at temperatures exceeding about 
315°C. A reliable, stable strain gauge is 
needed that will work at these elevated tem- 

45 peratures and which will match the thermal 
expansion of the test piece to enable the 
gauge to be bonded at low temperatures. 

The measurement of the elongation of a 
structural member such as a long strut pre- 

50 sents several problems similar to those en- 
countered in strain measurement. In a rela- 
tively benign environment which is free of vi- 
bration, the elongation may be slowly varying 
with time. This situation requires that an elon- 

55 gation sensor be capable of essentially d c 
measurements. As a consequence, the sensor 
must exhibit extremely low drift. 

This is further complicated when the struc- 
tural member is in a hostile environment. 

60 Instrumentation for in-flight monitoring of in- 
let and outlet engine conditions is needed for 
high-performance aircraft to improve fuel effici- 
ency, engine performance, and overall reliabil- 
ity. This instrumentation must withstand the 
65 hostile engine environment which includes 


high-temperature operating conditions and vi- 
brations. Optical fibres and optical sensing 
methods have been applied to a number of 
measurements in hostile environments includ- 

70 ing displacement, velocity, strain, flow, tem- 
perature, particle size distribution, gas compo- 
sition and fluorescence. These optical sensing 
methods can also be used to measure pres- 
sure in the hostile environment. 

75 Optical sensors can also be designed to op- 
erate at high temperatures and in regions of 
high electromagnetic fields. 

According to one aspect of the invention 
there is provided a strain gauge comprising a 

80 pair of plates having facing corrugated sur- 
faces with corrugations of one plate being off- 
set with respect to corrugations of the other 
plate, a coated optical fibre clamped between 
the corrugations of the plates for being bent 

85 to a greater and lesser extent depending on 
pressure exerted on the plates for moving the 
plates together, optical signal applying means 
connected to one end of the optical fibre for 
applying an optical signal to the optical fibre, 

90 and optical detector means connected to an 
opposite end of the optical fibre for reading 
the optical signal and modulations in the opti- 
cal signal which correspond to pressures ap- 
plied to the plates, the optical fibre comprising 

95 a signal fibre for transmitting the optical sig- 
nal. 

According to another aspect of the present 
invention there is provided a strain gauge 
which utilizes a pair of corrugated plates hav- 

100 ing corrugations that face each other and 
which are offset with respect to each other, 
and includes a coated optical fibre engaged 
between the facing corrugated surfaces and 
bent by the corrugations by amounts which 

105 depend on a biassing force pushing the plates 
together, whereby light moving through the 
optical fibre is modulated depending on the 
amount of pressure applied to the plates. 
The strain gauge may include an additional 

110 optical fibre which is identical in construction 
to the first-mentioned optical fibre but which 
is not engaged between the plates, the sec- 
ond optical fibre being near the first-men- 
tioned optical fibre so as to be exposed to 

115 the same temperature condition, light passing 
through and being modulated by the second 
optical fibre being used in conjunction with the 
light passing through and being modulated by 
the first mentioned optical fibre to produce a 

120 thermo-mechanical offset correction value. 

By coating a glass optical fibre with alumi- 
nium or polyimide, a strain gauge which is 
useful up to about 427°C (about 800°F) can 
be obtained. By coating a glass or. Si0 2 fibre 

125 with gold, the useful temperature range can 
be expanded up to about 540°C (about 
1000°F). 

A preferred strain gauge embodying the in- 
vention and described hereinbelpw is simple in 
130 design, rugged in construction and economical 
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to manufacture, and can withstand severe en- 
vironmental conditions. 

The invention will now be further described, 
by way of illustrative and non-limiting 
5 example, with reference to the accompanying 
drawings, in which: 

Figure 1 is a side view in section showing a 
strain gauge embodying the present invention 
in its simplest form, the gauge comprising an 
10 optical fibre and a pair of plates; 

Figure 2 is a block diagram showing the 
strain gauge embodying the present invention 
used with a reference optical fibre in addition 
to the above-mentioned optical fibre (signal 
15 optical fibre); 

Figure 3 is a graph plotting load versus dis- 
placement for the optical fibre of the strain 
gauge embodying the invention, the fibre hav- 
ing two spatial bends; 
20 Figure 4 is a graph plotting the strain gauge 
output voltage versus displacement of the 
plates of the strain gauge; 

Figure 5 is a graph showing calibration of 
the strain gauge embodying the present inven- 
25 tion relative to a reference gauge; and 

Figure 6 is a side view in section showing 
the strain gauge embodying the present inven- 
tion in a slot formed in a surface of a test 
piece whose strain is to be measured. 
30 A microbend fibre optic strain gauge {micro- 
bend sensor) 1 embodying the invention is 
shown diagrammatically in Figure 1. The 
gauge includes a glass-on-glass signal optical 
fibre 10 having the following nominal charac- 
35 teristics: 


Core diameter 
Clad diameter 
Numerical aperture 
40 Buffer coating 


Overall diameter 


125 micrometres; 
170 micrometres; 
0.2; 

40 micrometres thick 
aluminium or polyimide; 
and 

250 micrometres. 


45 Fibres with the above-mentioned coatings 
are strong and rugged with tensile strengths 
exceeding 689 MPa (100,000 lbf/in 2 ). The mi- 
crobend sensor is a light intensity sensor and, 
as such, uses simple opto-electronic compo- 

50 nents. The strain gauge comprises the fibre 
10, which is clamped between corrugated 
plates 12 and 14 made from material identical 
to that of a test piece. Changes in strain of 
the test piece change the separation of the 

55 plates 12 and 14 and, in turn, the light inten- 
sity transmitted at the point of clamping. The 
corrugation spacing is about 3 mm. Two cor- 
rugations 16 are on one plate 12 and three 
corrugations 18 are on the opposite plate 14 

60 to provide two spatial sinusoidal bends in the 
fibre 10. The fibre 10 is preloaded (bias com- 
pression) between the plates 12 and 14 such 
that the peak-to-peak fibre bend amplitude is 
approximately 300 micrometres. In this confi- 

65 guration the sensitivity and repeatability of a 


microbend sensor has been demonstrated to 
be 0.006 micrometres. At these preloads the 
change in corrugated plate displacement with 
load is very nearly linear, as shown in Figure 

70 3. Also, note from Figure 4 the linearity of the 
characteristic of the microbend sensor output 
signal versus displacement of the corrugated 
plates 12 and 14. 
Performance data has been obtained on the 

75 microbend fibre optic strain gauge and is 
shown in Figure 5. The microbend strain 
gauge was calibrated relative to a reference 
gauge. 

The microbend sensor plates 12 and 14 
80 may be attached to the test piece in several 
different ways. These include welding or glu- 
ing ends 21 and 22 to a surface of the test 
piece. A less obtrusive method is to form a 
slot in the surface and insert the plates into 
85 the slot. Figure 6 shows a test piece 20 hav- 
ing a slot 26 in which the plates 12 and 14 
are engaged. The plates 12 and 14 are urged 
towards each other by their back or rear sur- 
faces 23 and 24. The method of attachment 
90 will be chosen to minimise alterations in the 
structural properties and static and dynamic 
response of the test piece. 

Accelerated dynamic life tests have been 
performed on the microbend sensor and have 
95 demonstrated a lifetime in excess of one mil- 
lion cycles with peak displacements of 25 mi- 
crometres. These tests were performed at 20 
kHz cycling frequencies, which also demon- 
strated the high frequency response capability 

100 of the microbend sensor. 

The microbend sensor uses inexpensive 
conventional optoelectronic components in- 
cluding a light emitting diode (LED), shown in 
Figure 2 at 30, and a silicon photodetector 

105 40. By pulsing the LED and using CMOS inte- 
grated circuits to detect and amplify the pho- 
todetector signal, an average electronic power 
drain of less than 12 milliwatts per sensor has 
been demonstrated. 

110 As described previously and shown in Fig- 
ure 1, the microbend sensor may be pre- 
loaded by bias displacement of the plates 12 
and 14 so that the corrugations 16, 18 over- 
lap by an amount greater than or equal to the 

115 fibre diameter or maximum expected elonga- 
tion. When the plates 12 and 14 are heated, 
the corrugation peak separation with tempera- 
ture may be calculated. It is also straightfor- 
ward to show that, for each plate, the change 

120 in peak-to-peak corrugation spacing with tem- 
perature has a negligible effect on the sensor 
output signal. It is anticipated in practice that 
the microbend corrugated plates can be pro- 
perly aligned so that the corrugation peaks are 

125 within + 13 micrometres of the desired pre- 
loaded displacement. In this case, the worst 
thermally induced elongation (AL) T caused by 
positioning error is given by: 

130 (AL) T = LoAT 
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Substituting for AT the required thermal op- 
erating range of 400°C, for a a value of 8.5 
x 10^/°C for a typical titanium alloy, and for 
5 L the position error of 13 micrometres, the 
thermally induced elongation error is: 

(AL) = (13)(8.5 x 10-6) (400) = 0.04 micro- 
metres. 

10 

Thus, for a gauge length of Icm, the result- 
ing thermally induced error is (4/j) strain, 
where 1/4 strain = 1/rni/m. 
In addition to compensation of the thermo- 

15 mechanical offset just described, changes in 
optical fibre light transmission can be compen- 
sated as well as changes in fight source inten- 
sity and drift of photodetector output sensitiv- 
ity. Success in compensating for these 

20 changes has been achieved by using an ap- 
proach shown diagrammatically in Figure 2. As 
shown in Figure 2, a second optical fibre (ref- 
erence fibre) is co-located with the signal opti- 
cal fibre 10 clamped between the corrugated 

25 plates (not shown in Figure 2). The reference 
optical fibre 1 1 is undamped, but sees the 
same thermal environment along its length as 
the signal fibre 10. 
Both the signal and reference fibres 10 and 

30 1 1 are connected through known optical 
splices 42 to a fibre optic coupler 44. The 
light output from the LED 30 is split into two 
parts by a 3 dB coupler 44, and . the split 
output is coupled through the splicers 42 to 

35 the signal fibre 10 and to the reference fibre 
1 1. The optical fibres 10 and 1 1, which are 
multimode optical fibres, supply output signals 
to the photodetector 40, which is a dual pho- 
todetector, and output converter circuitry 46 

40 associated therewith. Signals A and B are di- 
gitised and converted in the convertering cir- 
cuit 46 to form values (A-B)/(A+B) for the 
compensated sensor signal. 
A major advantage of the microbend strain 

45 gauge embodying the invention is that it al- 
lows matching of the thermal expansion coe- 
fficient of the plates 1 2 and 14 with that of 
the substrate material to be tested. This can- 
not be done with conventional strain gauges, 

50 such as resistance strain gauges, and has the 
effect of (1) improving the range at tempera- 
ture and (2) reducing the thermal output of the 
gauge. 

The test data shown in Figures 3 to 5 was 
55 obtained using stainless steel plates 12 and 
14. In general, the plate material would be 
chosen to match the thermal expansion coeffi- 
cient of the underlying material. As an alterna- 
tive, if the predominant strain direction is 
60 known, the thermal expansion coefficients of 
the plates and substrate can be initially mis- 
matched, i.e. biassed against one another so 
as to increase the range of the strain gauge 
while maintaining the same sensitivity. 
65 The plates 12 and 14 can also be made of 


fused silica or other similar ceramics to in- 
crease resistance to thermal effects such as 
thermal degrading of the plates and the ther- 
mal expansion and contraction effect. 
70 Advantages of the microbend fibre optic 
strain gauge embodying the invention are as 
follows: 

(0 Operating temperatures above 427°C 
(800°F). 

75 (ii) Lightweight, compact and non-obtrusive, 
especially if a structural member or other test 
piece is slotted to accept the corrugated mi- 
crobend sensor plates. 

(iii) Accuracy of 0.005 micrometres at fre- 
80 quencies from d c to 20 kHz. 

(iv) The microbend sensor may be mechani- 
cally and electronically compensated with tem- 
perature, and electronic signal processing may 
be used to eliminate drift. 

85 (v) Compatible with composite and metallic 
materials, this requirement being met by mak- 
ing the corrugated microbend sensor plates 
from material identical to the material of a 
strut or other test piece. 

90 (vi) Immune to electromagnetic interference 
and electromagnetic pulses. 

(vii) Since the sensor uses non-polarised 
light energy to operate, spark hazards are 
non-existent, and remote mounted sensors are 

95 locatable in explosion hazard environments. 

(viii) Inert glass optical fibre material is resis- 
tant to corrosion. 

To increase the useful range of the strain 
gauge up to about 540°C (about 1 ,000°F), a 

100 gold coated Si0 2 optical fibre can be utilised 
in place of the aluminium or polyimide coated 
glass fibre. Both the signal fibre 10 and refer- 
ence fibre 1 1 can be constructed in this way. 
A strain gauge embodying the invention and 

105 having this temperature resistance can be use- 
ful for long-term measurements of creep 
strains on reheat or main steam lines in 
boilers. 

Field installation of such gauges can be ef- 
1 10 fected by capacitive discharge spot welding, 
thus requiring only local descaling and grinding 
for surface preparation. Insulation which is 
normally used over pipes to be fitted with the 
strain gauge need only be removed in the im- 
115 mediate area of the gauge. A plug of insula- 
tion which is, for example, 50 to 75 mm (two 
to three inches) in diameter, could be re- 
moved, the gauge installed, and the plug re- 
placed. The optical fibre leads would be 
120 brought out through the insulation at the plug 
for connection to extension fibres and strain 
readout equipment. 

CLAIMS 

125 1. A strain gauge comprising a pair of 

plates having facing corrugated surfaces with 
corrugations of one plate being offset with 
respect to corrugations of the other plate, a 
coated optical fibre clamped between the cor- 

130 rugations of the plates for being bent to a 
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greater and lesser extent depending on pres- 
sure exerted on the plates for moving the 
plates together, optical signal applying means 
connected to one end of the optical fibre for 
5 applying an optical signal to the optical fibre, 
and optical detector means connected to an 
opposite end of the optical fibre for reading 
the optical signal and modulations in the opti- 
cal signal which correspond to pressures ap- 
10 plied to the plates, the optical fibre comprising 
a signal fibre for transmitting the optical sig- 
nal. 

2. A strain gauge according to claim 1, 
wherein the optical fibre is coated with one of 

15 aluminium, polyimide and gold. 

3. A strain gauge according to claim 1 or 
claim 2, wherein the optical fibre has a core 
of glass or Sio 2 . 

4. A strain gauge according to claim 1, in- 
20 eluding a reference fibre connected between 

the optical signal applying means and the opti- 
cal detector means and having a portion in the 
vicinity of the plates for being exposed to the 
same thermal condition as bent areas of the 
25 signal fibre which is clamped between the 
plates. 

5. A strain gauge according to claim 4, 
wherein the optical signal applying means 
comprises a light source and a fibre optic cou- 

30 pier for splitting light from the light source 
into equal optical signals which are applied to 
the reference and signal fibres, 

6. A strain gauge according to claim 4 or 
claim 5, wherein the signal and reference 

35 fibres have a glass core and cladding and an 
aluminium coating. 

7. A strain gauge according to claim 4 or 
claim 5, wherein the signal and reference 
fibres have a glass core and cladding and a 

40 polyimide coating. 

8. A strain gauge according to claim 4 or 
claim 5, wherein the signal and reference 
fibres have a core of Si0 2 and a coating of 
gold. 

45 9. A strain gauge according to any one of 
the preceding claims, wherein the plates are 
made from a material having a temperature 
expansion coefficient similar to that of any 
material to be tested by the strain gauge. 

50 10. A strain gauge substantially as herein 
described with reference to Figure 1 of the 
accompanying drawings. 

1 1 . A strain gauge substantially as herein 
described with reference to Figure 2 of the 

55 accompanying drawings. 
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